Abstract-The modular multilevel converter (MMC) is the most promising solution to connect HVDC grids to an HVAC one. The installation of new equipment in the HVDC transmission systems requires an economic study where the power losses play an important role. Since the MMC is composed of a high number of semiconductors elements, the losses estimation becomes complex. This paper proposes a simulation-based method for the losses estimation that combines the MMC averaged and instantaneous model in a modular way. The method brings the possibility to compare performances for different modules technologies as well as different high and low level control techniques. The losses characteristics within the MMC are also discussed. The passive losses are taken into account for the first time.
INTRODUCTION
The great advances in power electronics and its control allowed considering the high voltage DC transmission systems (HVDC) as a viable solution. One of the most promising converters for HVDC systems is the Modular Multilevel Converter, which is a three phase VSC that was first introduced in [1] . The main advantage respect to the classical VSCs is the possibility of working with a low switching frequency while achieving at the same time lower losses and better performances [2] . The main drawback is the high number of components that leads to very complex models and control system. The control of this converter was largely discussed on the literature in the last decade but the losses estimation was less studied [3] [4] [5] .
The installation of new equipment in the transmission systems requires an economic study where the power losses play an important role [2] . But it is also important to have a comparative tool for different aspects in terms of losses since it is not trivial to obtain experimental results with high power rating converters [6] .
There are three main methods for estimating the power losses in the MMC. The first one is a complete analytic approach where the currents and voltages wavefonns and the switching functions for the submodules can be expressed in an analytic fonn [2] [7] . The main advantage is the low EPEC 
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London, ON, Canada 978-1-4799-7664-5/15/$31.00 ©2015 EU computing time, but the main drawback is the difficulty for estimating the switching losses. Also it is not easily adaptive for taking into account different control techniques [5] . The second method is based on the MMC simulation using the analytic expressions of the voltages and currents as model inputs for deducing the switching behavior of the sub modules. This method is not as fast as the analytical one but the switching functions of the submodules are obtained more accurately and so the switching losses are more precisely estimated. As previously discussed, different high level control methods are not easily considered either. The third method is a numerical approach that consists in the simulation of the entire MMC and its control system. The losses can be calculated as a direct result from the simulation [8] . If a high number of submodules is considered, an extremely high computational effort would be necessary to achieve it. Simulating a MMC with 400 submodules per arm, for a certain number of power cycles, it takes up to ten minutes [9] .
The proposed method in this paper is based on two consecutive simulations. The first one considers the averaged model of the converter where different High Level Control techniques can be applied. The results of these simulations are used as inputs for a second simulation that considers a complete MMC arm with its Low Level Control. Ideal switches are considered at this step. With the results obtained from both simulations the losses are calculated with a script where different modules technologies can be studied. With this method it is possible to compare in term of losses different High Level Control and Low Level Control techniques and parameters (such as amount of submodules or control switching frequency) and also different IGBT technologies. It presents the advantage of being more adaptive for different control strategies with a small computation time.
This paper is organized as follows. Section II recalls the MMC structure and the control hierarchy. Section III presents a MMC losses description. The proposed losses estimation method is presented in Section IV. In Section V it is showed the simulation results and the analysis of the losses in the MMC. Conclusions are stated in Section VI. When the SM is enabled (switch S2 in ON-state, S, in OFF-state) the SM output voltage vki is equal to vCi and it starts to conduct the arm current i arm which will charge or discharge the SM capacitor C depending on the currents direction. When the SM is bypassed (switch S2 in OFF-state, S, is in ON-state) the SM output voltage vki is zero and its capacitor voltage remains at the same level. The arm voltage v arm. ul j will be formed by the sum of the activated SM voltages, so the output voltage will have a discrete form with N +1 levels.
The arm inductances Larm reduce the internal current between the phases, limit the fault currents gradients and support the voltage difference caused by the insertion and disconnection of the submodules [1] . The inductances in the AC filter L j correspond to the MMC output transformer. The resistive part of the arm inductances and the output filter are noted as R arm and R j respectively.
B. Control Hierarchy
The control system structure for the MMC is presented in Fig. 2 The Low Level Control will be in charge of the transistors gate signals in order to select the amount of submodules needed to form the desired arm voltage and hence, the output AC voltage. Also it determines which submodule will be chosen in order to balance the capacitor voltages. This is done with the Balancing Control Algorithms (BCA).
ill.
MMC LOSSES DESCRIPTION
The losses in the MMC can be divided into semiconductor losses (conduction and switching losses) and passive losses.
A. Semiconductor losses 1) Conduction losses
While conducting, the semiconductors have an on-state voltage drop which varies non-linearly with the current and with the junction temperature Tj. Typically noted as V F (i) for the diodes, and VCEs a t (i ) for the IGBTs. The module's manufacturers provide the on-state characteristics curves in their data sheets for a limited number of junction temperatures. The on-state characteristics of the module Mitsubishi CM1500HC-66R is showed in Fig. 3 [10] . It is also showed the linear and high order polynomic approximations. When using linear approximation it is clearly observed that, for low values of current, the on-state voltage drop of the diode and IGBT is overestimated. This conduces to an overestimation of the losses.
The conduction losses in the semiconductors of a given submodule can be calculated as the product of the current iarm passing across the component and its voltage drop. The conduction losses (pC> in the diodes and IGBTs can be calculated as showed in the equations (1) to (4), where iDl' iTl, iD2 and iT2 are Boolean functions so when the value is 1, the current is flowing through the respective element and o otherwise.
The average losses of each semiconductor element in a submodule can be calculated integrating the equations (1) to (4) over a power cycle.
The difficulty for calculating the conduction losses for each element of the MMC is that it is not trivial to find an analytical expression for iDl' iTl' iD2 and iT2 of the equations (1) to (4). In [11] it is proposed a probabilistic approach for defining a continuous function that indicates the fraction of submodules in the arm that are active as a function of time. This allows reformulating the equations (1) to (4) taking into account the complete arm and not each semiconductor device. In that method it is imperative to consider ideal BCAs, and different control algorithms are not easily taken into account. In this paper the aforementioned functions are obtained by simulation.
2) Switching losses
Each time a semiconductor device switches, a small amount of energy is lost. The IGBT tum on and turn off lost energies are typically denoted as Eon and EO f! respectively.
The energy losses due to the reverse recovery phenomena in the diode are denoted as Ere c .
The switching energy depends on several parameters but most importantly on the current and the junction temperature. These energies can be obtained from the manufacturer's datasheets as curves in function of T j, the current passing through the component and the blocking voltage (usually noted as V ee )' The switching energy characteristics of the module Mitsubishi CM1500HC-66R is shown in Fig. 4 [10] .
For another blocking voltage value V ee ' a simple linear interpolation can be done in order to correct the lost energy.
The characteristics are also normally approximated with linear functions as for the conduction losses.
For the IGBTs, a linear interpolation could be an acceptable approximation but for the energy lost in the diodes ( Erec ) it is not sufficient and it will cause an overestimation of the losses. In this paper the switching energy characteristics are approximated with high order polynomial functions. The energy lost at each commutation event for the IGBT (tum on and turn off) and diode (tum off) are expressed in the following equations, where V ei is the submodule's capacitor voltage value at the moment of the commutation.
IGBT t llln on -7 EonCiaml,T) ;0 ;ei (7) ee For calculating the total switching losses, the equations (5) to (7) are used at each commutation event, and the results are summed up and averaged during a fundamental period.
B. Passive losses
The passive losses are due to the resistive part of the arm inductances R arm ' the AC side filter R f and the capacitor's equivalent series resistor R ESR ' The losses due to the auxiliaries' components and the controller itself are not taken into account since they are relatively small compared with the total losses. Also, they are independent of the operating point of the MMC. 
IV. MMC LOSSES ESTIMATION METHOD
The proposed numerical method for estimating the losses in the MMC consists in four stages as it can be seen in Fig. 5 .
A. Stage 1
The first step is to set up an operating point in terms of the active and reactive power; �-ef and Q re f respectively.
B. Stage 2
The complete MMC averaged model with a specific control technique is simulated (i.e. High Level Control). It is recalled that any control strategy can be applied at this step (e.g. the control strategy proposed in [3] , [4] , and so on).
The model used at this stage is detailed in [12] , which is based in the assumption that all the capacitors within an arm have the same instantaneous value. With this assumption an equivalent averaged model for each arm can be obtained. At this stage only one arm is simulated since the losses will be equally distributed among the arms due to the symmetry of the converter (Fig. 7) . This simplification allows reducing the total simulation time while obtaining similar results.
The arm voltage V arm will be used as the reference voltage V arm , re f and the arm currents iarm will be implemented as a The conduction losses are calculated for each semiconductor component taking into account the SM state and the arm current direction. For identifying the semiconductor component of the submodule that is in conduction mode at a given moment the following evaluation is performed:
• When SM state is equal to 1 and the arm current is positive, the diode D1 is in conduction mode (State I). If the current is negative, the IGBT T1 is conducting (State ITI). For both cases, the arm current passes through the submodules capacitor (i.e. there are instantaneous losses in [2] . The power switches are assumed as ideal ones. For following the reference voltage, any Low Level Control strategy can be applied (Nearest Level Control, PWM or • others). Also a BCA is implemented in this stage [13] . It is defined the tolerance band between the most charged and less charged capacitor.
in the capacitor's equivalent series resistor R ESR ).
When SM state is equal to 0 and the current is positive, the IGBT T2 is conducting. If the current is negative, the diode D2 is in conduction mode. In this case the capacitor voltage remains constant since the submodule is disabled.
D. Stage 4
The post processing algorithm calculates the losses for each semiconductor (switching and conduction losses) as well
The switching losses are also calculated for each component regarding the changes in the switching states of the submodules (SM state: 1---7 0 or 0 ---7 1) and the arm current direction in order to determine which semiconductor is switched (diode or IGBT). Taking into account the Fig. 6 , this is determined as follows: When the arm current is positive and the SM state changes from State 1 to State 11, the diode DI stops conducting with an energy lost that can be calculated with Eg. (7), and the IGBT T2 turns on dissipating an energy calculated with Eg. (5) . If the SM state changes from State 11 to State 1, the IGBT T2 turns off dissipating an amount of energy observed a non-symmetrical parabolic surface since the losses while working in rectifying mode (P<O) are lower than in inverting mode (P>O). Also, it is observed a symmetrical behavior respect to the reactive power. The script accumulates the energy lost for one power cycle 0-and averages it through it [2] . Since the Stage 3 considers only one arm, the semiconductor losses are calculated for one arm and then extended to the six arms.
V.

SIMULATION RESULTS
This section shows the simulation results for a 401-Level MMC. The main parameters are listed in table I. The submodule chosen for the simulations is the Mitsubishi CM J500HC-66R.
TABLET. MMC PARAMETERS
Rated Active and Reactive Power l.lGW, 500MVar
N 400
A. MMC Losses Analalysys J) Instantaneous energy lost Fig. 7 shows the instantaneous energy lost in the six arms of the MMC. The power losses will be given by the slope of the sum of each curve. This result validates the assumption made at the Stage 3. 2) Total losses and efficiency As it can be seen in Fig. 8 , the losses increase with the junction temperature for every operating point. Fig. 9 shows the efficiency of the converter defined as Efficiency[%] = 100 P/(P + I1oss e s) . The junction temperature is fixed to Tj = 150°C. It is clearly seen that when the reactive power consumption or production is zero the efficiency is maximal. Results from Fig. 9 show that the efficiency of the MMC is in the range of 98% to 99.5% [6] .
P[GW) Figure 9 . Efficiency of the MMC.
3)
Separated Losses Fig. 10 shows the conduction, switching and passive losses where it can be observed that the conduction losses are the most important. The conduction losses are greater than the switching losses with the studied IGBT module. This is due to the new IGBT generation since they have low switching losses (but higher conduction losses); making it attractive for classical VSC but not so suitable for MMC. In this case it would be a better option to have components with lower conduction losses (and higher switching losses). The IGBT design is always a compromise between conduction and switching losses. The passive losses are comparable to the switching losses and for high values of power transmission, the passive losses become even higher. They should be taken into account for limiting the error in the losses estimation.
4) Passive losses
Fig . 11 shows the result for the different passive losses considered in this paper. The capacitor losses are less than 0.01 % of the nominal power for every operating point. The losses in the AC filter are the most significant. Nevertheless, they are always less than IMW that corresponds to less than 0.09% of the nominal active power. The losses in the arm inductances are less than 0.045%. In [6] it is stated that, as a rule of thumb, 0.3% must be expected for the passive filters in total at nominal power. Results show that they are less than 0.135%.
B. Losses comparisons 1) Semiconductors characteristics approximation
Nonnally the semiconductors characteristics are approximated with linear functions. As it was stated before, this conducts to an overestimation of the losses. For computing the difference between linear and higher order approximations it is defined �in ear and I1i g her as the total power losses obtained when considering the linear and higher order polynomic approximation respectively. Results are shown in Fig. 12 where l"J1oss = �in ear -I1i g her . Fig. 12 show that in average the difference in the losses estimation is 150kW . Considering lOc€/kWh as the losses price, the error estimation results in 131k€/year. 
Results of
2) High Level Control options
In this part it is compared two types of control strategies in tenns of power losses. Since the total stored energy level in the MMC is the result of the power difference between the AC and DC side of the MMC, in the control structure, a compensation term appears of the power in each arm by the AC phases (PAC;). It is possible to compensate either the average value of PACi or its instantaneous value.
With the use of the loss estimation method proposed in this paper it is possible to show that in some cases the usual choice is not the best one in terms of losses. This is detailed in [14] and the results are showed in Fig. 13 .
3) Modules comparisons
With the proposed method it is possible to evaluate different silicon switches. In this part, the modules Mitsubishi CM1500HC-66R and lnfineon FZ1500R33HE3 [15] are compared in terms of power losses. The power difference is 
VI. CONCLUSIONS
A complete numerical losses estimation method for the MMC is proposed. The losses are calculated for different operating points with high order approximation for the semiconductors characteristics instead of linear ones as it is typically done in the bibliography. Results have shown that using linear approximations drives to a considerable losses overestimation. The study of the passive losses reveals that they are in the same order of magnitude as the switching losses. In terms of computing time, this method is slightly slower than the existent analytic methods, but a complete simulation of a detailed MMC model can take tens of minutes.
Combining the average model and simulating only one arm the computation time is five times faster. The simulation time for each operating point is 1.5min with a processor Intel Xeon E5507 (2.27 GHz) and 6 GB RAM. The simulation of a complete P-Q range with a high number of operating points can be easily done with a standard computer.
